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A B S T R A C T
Haematococcus pluvialis is one of the most abundant sources of natural astaxanthin when compared with other
microorganisms, and has attracted the interest of the market thanks to its health benefits. We investigated the
environmental performance of the cultivation of H. pluvialis and the astaxanthin production processes through a
comprehensive Life Cycle Analysis (LCA). This study compares the potential environmental impact of three
photobioreactors (PBR) available on the market: the flat panel airlift , the green wall panel , and the unilayer
horizontal tubular PBR . These systems have different technical settings: the flat panel airlift has a double-sided
light emitting diode (LED) illumination system and is placed inside a building; the green wall panel is located
outside and equipped with one-side LED lighting; the unilayer horizontal tubular is placed outside without any
artificial lighting. Two different functional units were considered: one kg of H. pluvialis (80% dw) and 1 kg of
astaxanthin. Where 1 kg of astaxanthin was selected as functional unit, as the content of astaxanthin in the
biomass is low, the system expansion method was applied.
The LCA results, based on original data from pilot-scale production, indicate that the system design, and the energy
mix used have a significant environmental impact, due to differences in algae productivities and energy demand. For
indoor systems, even with light-emitting diodes (LED), the energy demand for lighting is the main contributor to
climate change. This contribution decreases significantly if the share of renewable energy increases. In the case of the
green wall panel another main climate change contributor is the material used for the diode production, including tin
and molybdenum. Although the astaxanthin yield is higher in the flat panel airlift and green wall panel, electricity
production systems still const tute an environmental burden. For this reason, the system with the lowest environmental
impact is the unilayer horizontal tubular, i.e. the photobioreactor where no artificial light is used.
1. Introduction
Microalgae and cyanobacteria constitute a large family of photo-
synthetic organisms that are a natural source of high-value compounds
for the nutraceutical, cosmetic, pharmaceutical and food industries
[1,2]. In recent decades, the microalgae field has been widely in-
vestigated for several applications, but only that covering the produc-
tion of high-value nutrition ingredients has achieved commercial suc-
cess [3]. Under stress conditions (e.g. nutrient deprivation and high
radiation), several microalgae strains are able to produce interesting
compounds such as lipids or carotenoids [4]. Among the carotenoids,
astaxanthin and β-carotene are well-known compounds, characterized
by antioxidant, photoprotection and provitamin A activity, which are
widely used in the cosmetic, nutraceutical and feed sectors to improve
the commercial value of animals and animal product [5,6].
Astaxanthin is a pink ketocarotenoid synthesized by some algae
species, plants, and fungi. It has strong antioxidant properties with the
ability to neutralize free radicals, giving benefits to human health [7].
The commercial astaxanthin market is dominated by synthetic astax-
anthin. The total market value is over $240 million per year and the
astaxanthin market price is around $2000 per kg [5]. Synthetic astax-
anthin contains different isomers from the natural product [8], and the
main producers are BASF and Hoffman-La Roche. Since there are con-
cerns regarding the safety of this synthetic compound when consumed
directly by humans, natural astaxanthin is starting to be a preferred
choice [5]. Astaxanthin is found widely in aquatic animals and some
other organisms, but its de novo synthesis is limited to several bacteria,
fungi, algae and plants. The most common source for natural astax-
anthin production is the green microalgae Haematococcus pluvialis,
which is able to accumulate large amounts of astaxanthin under
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nutrient deprivation and high irradiance (up to 4% under natural light
and up to 8% under artificial light [9]). Some recent studies focus on
the possibility of increasing astaxanthin accumulation through muta-
genesis strategies [4].
H. pluvialis is usually cultivated in two kinds of systems: open ra-
ceway ponds (ORPs) and closed photobioreactors (PBRs). In both sys-
tems, the cells grow photoautotrophically, i.e. with a non-organic
carbon source as CO2 [5,10]. Both techniques are adopted industrially,
but more than 90% of the biomass cultivated globally is produced in
ORPs [11]. ORPs are less expensive and easier to operate, but since they
are open systems, they are characterized by high evaporation losses,
high contamination risks and low volumetric productivity, which
causes an energy-intensive downstream process. Moreover, ORPs can
be used only in areas with appropriate climate conditions. Closed sys-
tems do not suffer from these problems but are more expensive to build
[10,12]. Several PBRs have been investigated in recent years, but
mainly for small-scale application [12]. Together with high cost, the
other main problem related to the closed PBR is scalability. For this
reason, several parameters have been improved in closed PBRs to in-
crease productivity, including the intensification of the mixing, the use
of artificial light and increase of the external surface. Currently, the
most used PBRs are the Flat Panel Airlift (FPA), the Green Wall Panel
(GWP) PBR, and the tubular (UHT) PBR. These PBRs show different
characteristics, including the materials used and their configuration,
but even though PBRs have been widely investigated, their design still
needs to be improved to consider both technological and environmental
aspects in order to be both economically and environmentally feasible
[12].
Despite the numerous advantages of microalgae, including the use
of marginal land which avoids competition with food production, and
the potential to use wastewater as a nutrient source, other aspects need
to be improved in order to make their production environmentally
friendly. Greenhouse gas emissions due to energy consumption during
the production chain are one of the main issues for microalgae appli-
cation. For this reason, life cycle assessment (LCA) can be used as a tool
for decision-making during process design. Indeed, environmental im-
pact analysis is essential for the sustainable development of the in-
dustry.
Several studies have evaluated the potential environmental impact
of algae cultivation [10,13–15] for biofuel production [14,16–22] or
added value compounds production [10,23,24]. However, all of these
are based on lab-scale/small pilot primary data, or data from literature
and linear extrapolation based on lab-scale experiment. In general,
none of these studies considers a larger pilot-scale production that in-
cludes the processes that are present at an industrial scale, where
primary data are used and artificial light is provided by using light-
emitting diodes (LEDs). Moreover, there is no clear environmental
comparison for the production of a specific product with the same algal
strain using different PBR technologies, considering different produc-
tion sites, which sometimes require the application of artificial light to
replace the lack of natural light, in particular if the PBRs are housed in a
building in order to achieve year-round production.
Against this background, this study bridges this knowledge gap by
providing a comparative life cycle assessment (LCA) of the three most
relevant commercialized PBRs for the production of astaxanthin. Three
companies producing/testing the PBRs in the framework of the EU
project ABACUS provided the information and data for the LCA. Data
regarding the Flat Panel Airlift (FPA) were provided by Subitec Gmbh
[25], the Unilayer Horizontal Tubular PBR (UHT-PBR) by A4F [26],
and the Green Wall Panel (GWP) by Microphyt [27]. The three PBRs are
located in different production sites. The FPA is located in Stuttgart,
Germany, housed in a building where the PBR is equipped with double-
sided lighting. Both the GWP (Montpellier, France) and the UHT
(Lisbon, Portugal) are located outside. While the GWP has installed one-
sided lighting, the UHT does not apply any lighting. This work aims to
assess the potential environmental impact of natural astaxanthin pro-
duction with H. pluvialis in a novel way, in close cooperation with the
technology designers and users, by applying large pilot-scale informa-
tion. Through this approach, reliable and comprehensible guidelines
and recommendations can be provided to engineers and decision-ma-
kers in politics and industry, providing highly beneficial support for
further development and improvement of the existing technologies and
production processes.
2. Materials and methods
For the LCA, the three most relevant commercial available PBR
systems available on the market were selected. For modeling and as-
sessing the environmental impacts, information and data were provided
by three companies for their installations at different European sites
(Germany, France and Portugal). While data at a production scale of 93
m3 were provided from Subitec and A4F [25,26] for FPA and UHT, the
data for the GWP were only available at a smaller scale (0.1 m3) [27],
and therefore had to be upscaled to a volume of 92 m3 to make the GWP
comparable to the other two PBRs. The process of astaxanthin pro-
duction with H. pluvialis, illustrating the main inputs and outputs, is
depicted in Fig. 1. The main production steps are the cultivation and
harvesting of the algae and the extraction of astaxanthin. The cultiva-
tion stage starts with the inoculation phase, followed by two main
phases. The green phase is when sufficient nutrients are provided to the
Fig. 1. Astaxanthin production process with main inputs and outputs.
microalgae to promote cell growth and division. The red phase, also
called starvation phase, is when the absence of nutrients, in particular
nitrogen, promotes astaxanthin accumulation in the algae cells. During
the inoculation phase the algae culture is prepared and grown to a high
density and then the volume is increased gradually by diluting the
dense cultures in successive stages to provide enough inoculum to start
the cultivation process in the PBRs. Harvesting of the algae is performed
through different processes in serial. In this study, the technologies of
filtration, centrifugation and spraydryer were selected in order to ob-
tain algal biomass with high dry matter content of 80–85% dry weight
(dw). After the drying process, the astaxanthin is extracted using CO2 in
supercritical condition (60 °C and 300 bar) with ethanol as co-solvent.
After the extraction, the residual biomass can be used as animal feed or
for energy production, considering different thermo-chemical or bio-
logical conversion technologies. In this work, we focus on anaerobic
digestion, as this process is more mature and proven than others (such
as hydrothermal liquefaction).
When the residual algal biomass (after astaxanthin extraction) is
used as feedstock for anaerobic digestion, three main products are
produced: CO2, CH4 (converted in electricity), and a nutrient rich di-
gestate. Theoretically, all three products can be recycled and used as
material and energy input for the astaxanthin production system. The
other option is to produce animal feed. A third option can also be
outlined, which is the direct use of harvested H. pluvialis. Since the
amount of astaxanthin in H. pluvialis is low, the product chain can be
interrupted after the harvesting phase, obtaining dry biomass (80–85%
dw) with a high content of astaxanthin that can be directly commer-
cialized. These three options will be analysed from the life cycle per-
spective and are shown in Fig. 1, characterized by the dashed lines.
2.1. Flat Panel Airlift (FPA) system description
The cultivation phase of H. pluvialis in the FPA photobioreactor with
a total final volume of 93 m3 is constituted by several stages: pre-
paration of the culture, culture upscaling, green phase and red phase.
The details for each stage are specified in Table 1.
The FPA cultivation system is housed in a building in Stuttgart
(Germany), and each side is illuminated by LEDs. The LEDs are fixed in
aluminum bars. Each bar was assumed to be 2 m long with a height of
10 cm and a thickness of 2 cm. The weight of one bar is 3.7 kg; the
aluminum and LED material present in each bar is 864 g and 2.836 kg
respectively. The amount of nutrients, CO2, air, bleach needed for the
process, electricity consumption for all the equipment and LEDs were
provided. A ventilation system is used to maintain the temperature of
the room and thereby keep the culture constant. The energy con-
sumption of the ventilation system was included in the data. All data
were provided by Subitec GmbH [25].
2.2. Unilayer Horizontal Tubular (UHT) system description
The cultivation phase of H. pluvialis in the UHT-photobioreactor
with a total final volume of 93 m3 is constituted by four increasingly
large reactors: 0.28 m3 inoculation, 2.2 m3 inoculation, green phase and
red phase. The details for each stage are depicted in Table 2.
The UHT-PBR is based in Lisbon (Portugal) and is placed outside.
The amount of nutrients, CO2, air, bleach needed for the process,
electricity consumption for all the equipment were provided. The
cooling of the culture is performed by spraying the tubes with fresh
water. The water and electricity consumption associated with the
cooling process were included in the data. All data were provided by
A4F GmbH [26].
2.3. Green Wall Panel (GWP) system description
Since only data for the small-scale GWP (0.1 m3) were available, an
upscaling methodology based on that developed by M. Tredici et al.
[28], was implemented. The GWP cultivation phase was assumed to be
constituted by an inoculation phase, a green phase, and a red phase. In
the small-scale configuration, the volume rate between the green phase
and the red phase was equal to 1/3. The same proportion was assumed
for a larger scale. The reactor volume for the red phase needs to be
larger than the green phase in order to decrease the algae concentration
from the green phase and have more light per single cell in order to
accelerating astaxanthin production.
Assuming the length of the GWP equal to 48 m, the thickness
4.8 cm, and the height 0.7 m [28], the number of GWPs that give a
volume of 93 m3 was estimated. The characteristics of each stage are
depicted in Table 3. The plant has been divided into 4 modules of 15
GWP of 23 m3 each; one module constitutes the green phase, and three
modules the red phase. For each module, a circulation pump and a heat
exchanger have been selected. A volume of 1 m3 has been assumed for
the inoculum. The GWP system is located outside, in Montpellier
(France), and light-emitting diodes (LED) bar are allocated to one side
of the panel to provide artificial light. Considering the length of the
GWP, the number of bars needed was estimated. The energy con-
sumption associated with one LED bar is 0.08 kW. The LEDs' char-
acteristics were assumed to be the same as for the FPA-PBR.
2.3.1. Air and CO2 supply
In this study, the amount of air and CO2 required by the small
system was considered, and upscaled linearly. The amount needed for
93 m3 was 79.35 Nm3/h for the red phase, and 26.45 Nm3/h for the
green phase. According to the datasheet of the blowers provided by
MAPRO [29], a blower named CL 18/01 with a flow rate of 106 m3/h
was assumed. The selected flow rate should be sufficient to avoid se-
dimentation of H. pluvialis and remove the oxygen produced by pho-
tosynthesis.
Table 1
Main parameters of H. pluvialis cultivation in a Flat Panel Airlift (FPA) photobioreactor with 93 m3.
PBR configuration FPA
Unit Culture preparation Culture upscaling Green phase Red phase
Volume m3 0.006 0.0275 0.18 0.18
Number of FPA – 1 4 90 420
Number of LEDs each panel – – – 6 10
Total number of LEDs – – – 540 4200
Occupied land m2 13 28 200 860
Total occupied land ha – 0.11
Operation parameters
Cultivation period Days 310 304 310 225
Amount of biomass produced in one year kg 0.7 13.6 4957.2 12,758
Biomass concentration g/l 3.5 5.9 5 3.75
Volumetric biomass productivity g/l/day 0.37 0.4 1 0.75
2.3.2. Cooling system
For the small-scale system, no cooling was considered. Based on M.
Tredici et al. [30], cooling is needed for around 5–6 months per year.
The GWP system is located in Montpellier, a place with suitable con-
ditions for algal growth regarding light radiation and temperature.
Besides looking for a suitable climate for algae growth, other aspects
such as the availability of water and land should be taken into con-
sideration and improved to reduce the water and the land demand as
well as possible direct land use change [31]. A characterization of
suitable land [32] is therefore fundamental to optimize the microalgae
production system. In the south of France, these conditions were as-
sessed by the company cultivating the strains [27]. In this area, the
climate and yearly average temperature can be assumed to be similar to
that of the coast of Tuscany, where Tredici et al. conducted their studies
[28,30]. Assuming that the system is located on the coast, seawater can
be used to cool the PBR during summertime. The seawater was assumed
to be available near to the plant at an average temperature of 20 °C and
pumped with submersible pumps through the heat exchangers. Once
used, the water is sent back to the sea, since the increase in temperature
is low. In this way, water consumption related to the cooling could be
disregarded. Details regarding the equipment for the cooling system are
reported in Table 5.
In order to calculate the amount of refrigerant needed for cooling,
the energy balance was evaluated (Eq. (1)).
= +Q Q Q Qcool irr LED conv (1)
where Qcool is the thermal power to be dissipated (W/m2), Qirr is the
irradiance (W/m2), QLED is the thermal power dissipated from the LED
(W/m2), and Qconv is the thermal power exchanged between the panel
and the environment (W/m2). The thermal power related to the
evaporation and the radiative effect from the panel towards the en-
vironment was neglected. The temperature of the culture was assumed
to be constant at 30 °C. Above this temperature, the algae cannot sur-
vive, and thus cooling needs to be started. At higher temperatures, the
cessation of cell division can occur, with a consequent increase in the
cell size and early production of astaxanthin [5]. Conversely, at low
irradiance levels, light is limiting productivity and the growth rate is
limited due to the lack of light energy [33]. The optimal growth tem-
perature for H. pluvialis is between 25 and 28 °C. Other strains can have
a different optimal growth temperature. For instance, Gharagozloo
et al. [33] reported lower values (21.5–23.5 °C) for Nannochloropsis,
values that were confirmed by the performed experiments. Another
important parameter affecting algal productivity is the biomass loss
through respiration during night time. This parameter is affected by
different factors as water temperature and light exposure before the
dark period [34]. In the case of the GWP, this was minimized by arti-
ficial illumination and temperature control. Regarding the Qirr, data
from the European Commission's Photovoltaic Geographical Informa-
tion System [35] were used considering 6 months of operation, from
April to September. The demand for coolant was calculated considering
the maximum temperature picks in order to prevent a decrease in
productivity or even breakdown of the culture. Regarding the Pconv, it
was expressed as [36]:
=Q L h ho (Tw Tair)conv (2)
where L is the length of the panel (m), h the height (m), ho is the
convective coefficient (W/m2/C), Tw is the temperature of the wall
(equal to 30 °C) and Tair is the air temperature estimated from the EC
Photovoltaic Geographical Information System [35].
Table 2
Main parameters of H. pluvialis cultivation in a Unilayer Horizontal Tubular (UHT) photobioreactor with 93 m3.
PBR configuration UHT
Unit Inoculation 0.28 m3 Inoculation 2.2 m3 Green phase Red phase
Volume m3 0.28 2.2 18 71.52
Number of reactors – 1 1 1 1
Occupied land m2 8 61 497 1794
Total occupied land ha – 0.24
Operation parameters
Cultivation period Days 330 330 330 330
Amount of biomass produced in one year kg 33 259 2109 3454
Biomass concentration g/l 2.15 2.14 2.13 0.88
Volumetric biomass productivity g/l/day 0.32 0.32 0.32 0.07
Table 3
Main parameters of H. pluvialis cultivation in a Green Wall Panel (GWP) photobioreactor with 93 m3.
PBR configuration GWP
Unit Inoculation Green phase Red phase
Volume m3 1 23 69
Height m 0.7 0.7 0.7
Length m 32 48 48
Thickness cm 4.8 4.8 4.8
LDPE thickness μm 300 300 300
Number of GWP – 1 15 46
Number of LEDs each panel – 15 24 24
Number of LEDs – 15 360 1104
Occupied land (considering 1 m distance) m2 1 704 2259
Total occupied land ha 0.3
Operation parameters
Cultivation period Days 310 310 225
Amount of biomass produced in one year kg 62 2781 3260
Biomass concentration g/l 0.33 4.83 1.16
Volumetric productivity g/l/day 0.2 0.39 0.21
The convective coefficient was estimated considering the properties
of the air. QLED was calculated assuming that 15% of the power of the
LEDs radiates the culture (increasing its temperature).
Knowing Qcool, the amount of refrigerant was estimated (Mcool) as:
=M Q (cp DT)cool cool cool (3)
assuming a difference in temperature (DT) of 10 °C of the refrigerant
between the inlet and the outlet. Knowing the Mcool, the flow rate of the
culture (Malgae) was calculated, and therefore the pump was selected
and the shell and tubes of the heat exchanger were designed.
2.4. Downstream process (algae harvest and drying)
The downstream process, comprising harvesting and drying of H.
pluvialis, has been modeled based on primary and literature data. For
industrial application, several processes in series were identified as a
possible solution. In particular, filtration centrifugation and spray-
drying are the processes that give the best performances [37].
Based on experimental data [25,38], we assumed that 18% of the
culture is harvested on a daily basis. This means that 15 m3/day,
12.5 m3/day and 11.9 m3/day are harvested for the FPA, GWP and UHT
respectively, and therefore 11.8 metric tons (81% dw), 3 metric tons
(84% dw) and 3.2 metric tons (83% dw) of red algae are harvested in
one year using the FPA, GWP and UHT technology respectively. For the
FPA and GWP, literature data were considered to estimate the energy
consumption of filtration and centrifugation processes [37]. Regarding
the UHT, primary data were provided. For the spraydryer, literature
data were considered for all three systems. The culture from the red
phase is circulated to the spiral wound membrane module equipped
with microfiltration membranes. A maximum output of 1.5–10% of
solids can be achieved from the filtration process with a biomass re-
covery of 99% and energy consumption of 0.8–2.51 kWh/m3 of
permeate [37]. It is assumed that the permeate received after the fil-
tration process is constituted mainly by water and can be recycled back
to the green and red phases without any pretreatment. The retentate is
sent to the centrifuge (recovery of 90%) in order to obtain a paste with
a maximum solid output concentration of 10–20% dry weight (dw).
After that, a spraydryer (R = 99%) is used to obtain a paste with
80–85% dw. The loss of water that occurs during the drying process was
disregarded.
The red powder obtained after the drying process can be used as
animal feed, taking advantage of the other valuable feed compounds
present in the algae. If pure astaxanthin is the target product, the ex-
traction step needs to be added to the production chain.
2.5. Extraction of astaxanthin
Several methodologies can be applied for astaxanthin extraction.
Supercritical fluid extraction (SFE) is a modern and widely accepted
method to recover high-value compounds from microalgae that are
designated to the nutraceutical and pharmaceutical sector [39]. In this
methodology, a fluid in supercritical condition is able to extract the
compounds because of its physicochemical properties that are between
those of a liquid and a gas. Carbon dioxide is the most used fluid due to
its critical pressure and temperature (31.1 °C, 7 MPa), which are rela-
tively low and can be easily removed at ambient condition thanks to its
gas behavior [40]. Moreover, due to the low critical temperature, the
degradation of valuable substances can be prevented [7]. Several stu-
dies have been performed to exploit the best extraction conditions with
CO2 [39].
Based on this literature review, in this study, we assume to extract
astaxanthin at 60 °C and 300 bar with 9.4% of ethanol as co-solvent (see
Fig. 2).
In the papers reviewed, the final product after the extraction is an
oleoresin containing 10–20% of astaxanthin [10]. Other authors as-
sume that the pigment can be isolated as a pure substance (95–100%)
[40]. In this work, we assume that we can achieve pure astaxanthin
(second option).
Since only lab-scale data for the extraction were available, this stage
was modeled using literature [40–42]. In particular, the extraction
process was modeled in two stages: extraction, and separation of the
product. Regarding the extraction, CO2 in supercritical condition was
used (60 °C and 300 bar). A solvent/feed ratio equal to 20.12/1 (kg/kg)
was considered [40]. As co-solvent, ethanol was used, and a percentage
volume of ethanol/CO2 equal to 9.4% was assumed. For electricity
consumption and the material of the equipment, the values calculated
by P. Pérez-López et al. [10] were used and adapted to the case.
2.6. Life cycle assessment methodology
The life cycle assessment (LCA) methodology was used to evaluate
the potential environmental impact of the three cultivation systems.
The life cycle perspective allowed us to assess the environmental per-
formance of all the processes required to produce the final product,
from the acquisition of the raw materials, through their production and
use stages, to the final disposal. The structure of the LCA is standardized
by the ISO 14040 and 14044 standards, and consists of four phases: the
goal and scope definition, the inventory analysis, the impact assess-
ment, and the interpretation of the results [43,44]. The study also
aimed at identifying the main hotspots that increase the environmental
impact of this technology, giving some suggestions for future im-
provements.
2.6.1. Goal and scope of the study
The goal and scope of this study are to evaluate the potential en-
vironmental impact of three different photobioreactors located in three
different regions with/without artificial light for the production of H.
pluvialis with 80–85% dw or astaxanthin during a period of one year.
Two processes with different final products were analysed: the pro-
duction of H. pluvialis with 80% dw (Fig. 3) and the production of as-
taxanthin (Fig. 1). As a functional unit (FU), 1 kg of dried biomass was
selected in the first case, and 1 kg of astaxanthin in the second case.
These FUs were selected in order to compare the results with those
present in the literature. The life cycle inventory and impact assessment
methodology were therefore in each case referred to the selected FUs.
The product system and the system boundaries include all the stages
that affect the production chain. For each stage, energy and mass bal-
ances have been performed.
2.6.2. Inventory analysis
The inventory analysis focused on the collection of information
about the physical and energy flows in terms of input of resources,
material and products, and the output of emissions, waste and valuable
products. For the foreground system, primary data were used for the
FPA and UHT technology. The parameters related to the GWP were
upscaled starting from data provided by A4F GmbH, and Microphyt
Gmbh [26,27] for the small system (0.1 m3 GWP). Data regarding the
downstream and the extraction process were obtained from literature or
experiments. The geometric and average operating parameters of eachFig. 2. Process Flow Diagram (PFD) of the astaxanthin extraction process.
reactor are described in Table 4. Table 4 gives detailed information for
the PBR systems to cultivate H. pluvialis during one year. In particular
for FPA and GWP, it was assumed to have a green phase of 310 days and
a red phase of 225 days based on the data provided from [25] for the
FPA. For the UHT all stages last 330 days [26]. The number of stages for
the cultivation phase is different for each technology. The downstream
process was assumed to be the same. The land occupied by the FPA is
the lowest of the three systems.
Regarding the GWP, air, CO2, nutrient, and water consumption for
cleaning and for the process were upscaled linearly. The amount of
sodium hypochlorite solution used for sterilizing the PBRs was provided
by [45]. The energy consumption of the LED and their weight and
material were assumed to be the same as the numbers provided by
Subitec GmbH [25]. All the equipment (pumps and heat exchangers)
were modeled and the material and power consumption were taken
from the providers' manuals. The lifespan of the blower and the pipeline
(PE) for gas supply was considered to be 20 years. The equipment
parameters are shown in Table 5.
For the FPA, yearly information regarding energy and mass flow
were obtained directly from Subitec GmbH [25]. Therefore, there was
no need to design individual equipment as was done with the GWP
(Table 5). The LCI of the UHT data were provided by the plant operator
Fig. 3. Product system for the production of 1 kg of H. pluvialis.
Table 4
Life Cycle Inventory (LCI) of three different photobioreactor (Flat Panel Airlift (FPA), Green Wall panel (GWP) and Unilayer Horizontal Tubular (UHT)) on a yearly
base.
Reactor configuration Unit Flat panel airlift Green wall panel Unilayer horizontal tubular
Geometrical parameter
Volume m3 93 93 93
Occupied land ha 0.1 0.3 0.24
Number of LEDs 4740 1479 –
Operational parameter
Air Nm3/year 5.62E+06 5.39E+05 –
CO2 kg/year 8.87E+04 1.87E+05 1.76E+04
Lighting kWh/year 3.56E+06 6.91E+05 –
Electricity for the process kWh/year 1.76E+05 3.27E+05 6.30E+04
Nitrogen kg/year 3.76E+02 2.90E+02 2.33E+02
Phosphate kg/year 2.65E+02 1.25E+02 2.55E+01
Water for the culture kg/year 3.12E+02 3.99E+03 4.06E+02
Water for cooling m3/year – – 5.16E+03
Water for cleaning m3/year 4.42E+03 1.81E+03 2.76E+02
Productivity (green phase) m3/year 1 0.39 0.32
Productivity (red phase) g/L/day 0.75 0.21 0.07
Cultivation period days 310–225 310–225 330
Table 5
Equipment parameters for the large scale Green Wall Panel (GWP) plant. (Qcool is the thermal power to be dissipated (W/
m²)).
Equipment parameters
Thermal power to be dissipated (Qcool)per module (23 m3) 446 kW
Seawater flowrate per module (Mcool) (23 m3) 38 m3/h
Seawater flowrate (Mcool) total 154 m3/h
Sea water pump characteristic Max flow rate 200 m3/h with 8.3 kW motor
Microalgae flowrate (Malgae) (1 module) 62 m3/h
4 algae pumps, one per module (23 m3) Max flow rate 75 m3/h with 11 kW motor
4 heat exchangers, one per module (23 m3) Exchange area of 156 m2, 244 kg each, SS
Pump from the growing tank to the culture Polypropylene (PP), 0.37 kW, 0–6 m3/h, 9 kg
1 solution tank Stinless and steel (SS), 4 m3
Pump from the solution tank to the growing tank Polypropylene (PP), 0.37 kW, 0–6 m3/h, 9 kg
Pump for diluting the solution in the growing tank Polypropylene (PP), 0.37 kW, 0–6 m3/h, 9 kg
Blower 70% SS, 2.2 kW, 106 m3/h, 43 kg
Pipeline for air, sea water, growth medium provision Polyethylene (PE), 3000 m
Pipeline culture circulation, water recycling Polyvinylchlorid (PVC), 3000 m
A4F GmbH [26]. Regarding the downstream and extraction process,
detailed information can be found in Table 6.
In general, the energy consumption of equipment was calculated
from its power requirement multiplied by the operation time. Quantity
of building materials was calculated by multiplying the volume and the
density. A lifespan of 5 years was assumed for the GWP, 10 years for the
FPA and UHT-PBRs, and 20 years for the other process equipment.
Regarding the background system, information from the Ecoinvent
database 3.3 were used [47]. These data include the material and en-
ergy flows for the supply of nutrients, materials, and electricity, and for
waste disposal. The inventory was then normalized to 1 kg of H. plu-
vialis and 1 kg of astaxanthin respectively.
2.6.3. Impact assessment methodology
The impact assessment methodology used in this work is ReCiPe
(midpoint (H)) 2014, because it was already proved to be re-
presentative on a global scale and therefore suitable for intercountry
comparisons [11]. The impact assessment categories were selected ac-
cording to that used in previous LCA studies [10]. The inventory was
implemented in OpenLCA 1.6.
2.6.4. System expansion
The amount of astaxanthin contained in the biomass is very low
(2.1–10%), and the amount of residual biomass after astaxanthin ex-
traction is high and contains protein, lipids and carbohydrates that can
be used for further processes. From the economic and environmental
perspectives, there is evidence that the residual algae biomass should be
considered as by-products rather than as waste. Thus, there is the need
to credit the by-product by giving value to the residual biomass and
considering it as a multifunctional process. From the LCA perspective,
there are two different methodological approaches to handle multi-
functional processes: system expansion and the allocation method.
System expansion is applied in order to ensure that all the products of
the process offer the same functionalities [48]. To achieve this goal, the
system must be expanded in such a way that the other functionalities
are included. This requires the identification of the most probable
alternative way to provide the second functionality, i.e. a process that
produces this functionality. In this way the environmental impact (EI)
associated with this process can be detected from the main process,
saving money and reducing the global EI. The approach of system ex-
pansion is mathematically equivalent to crediting for avoided produc-
tion. This method is the one preferred by the ISO 14040 and 14044
standards. When the allocation method is applied, the flows are parti-
tioned to the different products according to an allocation key that can
be based on the weight or economic value (price). Since it is not always
possible to divide the flows, this approach is limited in its application.
In the framework of this study, we selected the system expansion
methodology. There are mainly two processes that can be used to
suggested the use of residual algae biomass as feedstock for anaerobic
digestion. In this study, we analyse both alternatives for residual bio-
mass use, anaerobic digestion and animal feed.
2.6.5. Anaerobic digestion
In order to include anaerobic digestion, a biogas plant near to the
algae cultivation plant was assumed (the digester was not included in
the boundaries). Generally in the anaerobic digestion (AD) process,
there are three main products: methane (CH4), carbon dioxide (CO2)
and nutrients. In our study, only two products were assumed, CH4 and
CO2, and that only electricity produced by the biogas was recycled to
the cultivation stage. Based on the work of Collet et al. [14] we assumed
that the biogas comprises a share of 70% CH4 and 30% CO2. In order to
credit the system, we considered an average amount of methane that
can be produced from the digestion of the biomass (0.024–0.6 LCH4/
gVS (VS = volatile solids)). Based on the fact that each m3 of methane
can produce 2 kWh [49] of electric power, the amount of electricity
Table 6
Downstream inventory for the three systems (Flat Panel Airlift (FPA), Green Wall panel (GWP) andUnilayer Horizontal Tubular (UHT)).
Unit Filtration
(Maximal solid output concentration: 1.5–10%,
99% recovery)
Centrifugation
(Maximal solid output concentration: 10–20%,
95–99% recovery)
Spraydryer
(Maximal solid output concentration: 90–95%,
99% recovery)
GWP kWh/year 535.5 [46] 45 (1.3 kWh·m−3 Feed) [37] 19E+03
(1.2 kg of evaporated water) [37]
UHT kWh/year 1180 [26] 34.5 [26] 21E+03
(1.2 kg of evaporated water) [37]
FPA kWh/year 640 [46] 219 (1.3 kWh·m−3 Feed) [37] 92E+03
(1.2 kg of evaporated water) [37]
Fig. 4. System expansion of the extraction process, including the Anaerobic
Digestion process.
Table 7
LCA Scenarios for the valorization of the residual algae biomass form astax-
anthin production for the three systems (Flat Panel Airlift (FPA), Green Wall
panel (GWP) andUnilayer Horizontal Tubular (UHT)).
Scenarios Astaxanthin % Methane yield LCH4/gVS
GWP FPA UHT
SC1 2.6 4.8 2.12 0.026




Electricity production from residual algae biomass digestion in four scenarios
(SC1, SC2, SC3, SC4).
Scenarios Electric power produced (kWh)
GWP FPA UHT
SC1 1.99 1.05 2.46
SC2 49.81 26.37 61.39
SC3 0.48
SC4 11.94
produced by the digestion of microalgae was estimated (Fig. 4).
Since the amount of astaxanthin in H. pluvialis is 2.12, 2.6 and 4.8%
for the three technologies UHT, GWP and FPA respectively, a theore-
tical value of 10% is achievable, and the yield of CH4 from the biomass
digestion can also vary (0.024–0.6 LCH4/gVS (VS = volatile solids))
[50], four scenarios were elaborated. Table 6 depicts the scenarios
elaborated and assessed, combining different shares of astaxanthin in
the biomass (2.6, 4.8 and 10%) and two different yields of methane
(0.024, 0.6 LCH4/gVS). Applying this scenario approach helps to
identify the influence of main driving factors (astaxanthin and methane
yield) on the environmental impact (Table 7).The LCA calculation was
performed for all systems.
Table 8 shows the electricity produced when the different scenarios
were considered for the production of 1 kg of astaxanthin.
The amount of methane obtained from the digestion of microalgae
is low, indeed the 100 LCH4/gVS can be achieved only when seaweeds
are used [51]. From the results shown in Table 8, it can be concluded
that lower astaxanthin content comes along with a higher amount of
residual biomass and electricity production. At this point, it is necessary
to understand which scenario is environmentally more convenient.
2.6.6. Feed production
In the case of feed production, from the LCA perspective, system
expansion was considered in order to include a process whose en-
vironmental impact is avoided when this expansion is performed. Feed
grain, and in particular soybean, are the most important source of
animal feed worldwide. For this reason, the substituted soybean pro-
duction was included in the system boundary, as shown in Fig. 5.
3. Results and discussion
This study analysed different final products and scenarios to con-
sider the residual algae biomass after astaxanthin extraction. The first
case assessed the potential environmental impact of H. pluvialis. Since
the red powder obtained after the spraydryer can also be sold as a final
product, without extracting astaxanthin, the potential environmental
impact (EI) of the production of 1 kg of H. pluvialis in the three PBRs
was estimated. Then, the potential EI of the production of 1 kg of as-
taxanthin was evaluated.
3.1. Life cycle assessment (LCA) for H. pluvialis production
The potential environmental impact for the production of 1 kg of H.
pluvialis was estimated for the three PBR systems. The results of the
analysis are described in Table 9 and displayed in Figs. 6 and 7. Table 9
illustrates the characterization results for biomass production. For FPA,
two scenarios were considered, using the French and German energy
mix; for UHT and GWP only the Portuguese and French energy mixes
were considered, respectively. Since the UHT and GWP technologies do
not include artificial light, a change in the location would mean a
change in the productivity. The FPA is located inside a building.
Therefore, the location does not affect productivity. The results are
Fig. 5. System expansion of the extraction process including feed production.
Table 9
LCA results for the three systems (Flat Panel Airlift (FPA), Green Wall panel (GWP) and Unilayer Horizontal Tubular (UHT)), using the French (FR), German (DE),
Portuguese (PT) energy mix.
Name Unit FPA (DE) mix FPA (FR) mix GWP (FR) mix UHT (PT) mix
Agricultural land occupation (ALO) m2*a 22.45 5.81 7.08 3.82
Climate change (CC) kg CO2 eq 265.21 80.62 91.37 20.93
Fossil depletion (FD) kg oil eq 64.48 19.39 25.84 5.16
Freshwater ecotoxicity (FET) kg 1,4-DB eq 5.92 1.99 2.36 0.26
Freshwater eutrophication (FE) kg P eq 0.30 0.04 0.05 0.01
Human toxicity (HT) kg 1,4-DB eq 204.19 54.40 69.67 6.35
Ionising radiation (IR) kg U235 eq 46.54 189.57 193.59 2.17
Marine ecotoxicity (MET) kg 1,4-DB eq 5.56 1.83 2.17 0.25
Marine eutrophication (ME) kg N eq 0.08 0.03 0.03 0.00
Metal depletion (MD) kg Fe eq 16.05 16.27 20.93 1.43
Natural land transformation (NLT) m2 0.02 0.01 0.01 0.00
Ozone depletion (OD) kg CFC-11 eq 0.00 0.00 0.00 0.00
Particulate matter formation (PMT) kg PM10 eq 0.23 0.18 0.22 0.04
Photochemical oxidant formation (POF) kg NMVOC 0.35 0.21 0.26 0.06
Terrestrial acidification (TA) kg SO2 eq 0.52 0.35 0.44 0.12
Terrestrial ecotoxicity (TET) kg 1,4-DB eq 0.01 0.01 0.01 0.00
Urban land occupation (ULO) m2*a 1.27 0.63 0.81 0.29
Water depletion (WD) m3 938.69 1577.02 1666.90 148.54
presented in Figs. 6 and 7. Fig. 7 shows how the results of the FPA
change, by changing the energy mix. The figures show the relative
contribution of each process involved in the production chain i.e.
lighting, LED production, bleach, water, material (includes materials
equipment), nutrients, aluminum bars, energy for the process (electric
energy used by all the devices), and the piping. For all systems, the
second stage or red phase is the main hotspot for all the impact cate-
gories, with a contribution of 80–85%. The cultivation stage usually
gives the highest environmental impact [10,52]. Fig. 6 illustrates the
potential environmental impact of the large pilot-scale GWP and FPA.
Regarding the GWP, the main hotspot is due to the LED production
system (mainly diode production), and therefore to the electricity
needed for their production.
For Metal Depletion (MD), Freshwater Eutrophication (FE), and
Human Toxicity (HT), the main contribution is due to the material used
for the diode production, including tin and molybdenum, and also en-
ergy consumption for LED production. Lighting is the second hotspot of
the system, due to electricity consumption.
The energy consumption for the process, including the energy
consumption of the pumps and the blower, also has an impact. This
could be reduced by using more efficient equipment. The other mate-
rials, in general, do not have a big effect on all the impact categories.
The lighting and energy used for the process affects mainly Ionising
Radiation (IR), Water Depletion (WD), and Ozone Depletion (OD). IR
and OD are mainly affected by the electricity production from the nu-
clear power plant (emission of Radon 222 and Carbon 14 in one case,
and of light hydrocarbon in the other). The WD from electricity pro-
duction is due to the methodological assumption that the water used in
the hydropower plant is “used”, although it is not consumed, but only
used for driving the water turbine.
The LED production affects Climate Change (CC), Terrestrial
Acidification (TA), Human Toxicity (HT), Freshwater Eutrophication
(FE), and Metal Depletion (MD). The electricity used to produce LEDs in
a global market affects the CC. TA and FE are affected by the diode
production (emission of sulfur dioxide and nitrogen oxides to air, and
phosphate in water). HT is affected by the molybdenum and copper
used for diode production. MD is affected by the usage of tin, mo-
lybdenum, copper and other metals used for LED production.
Regarding the FPA, when the German energy mix is used, lighting is
the main hotspot, but the EI is reduced significantly if the electricity
mix changes. LED production is also a hotspot, and since the number of
LEDs used is high, the potential environmental impact is also high.
Fig. 7a shows the potential environmental impact for the production
of 1 kg of H. pluvialis using the UHT as a cultivation system. Even
though the productivity is lower than those of the other PBR systems,
the potential EI is lower for all the impact categories. Since the time
considered as the cultivation period is different from the other two
systems (330 vs 225), in order to be sure that the results were
Fig. 6. Potential environmental impact for the production of 1 kg of H. pluvialis using Green Wall Panel a) and Flat Panel Airlift b) as photobioreactors. (Climate
Change (CC), Terrestrial acidification (TA), Ionising radiation (IR), Human toxicity (HT), Water depletion (WD), Terrestrial ecotoxicity (TET), Ozone depletion (OD),
Freshwater eutrophication (FE), Freshwater ecotoxicity (FET), Metal depletion (MD), Fossil depletion (FD), Agricultural land occupation (ALO)).
Fig. 7. Potential environmental impact for the production of 1 kg of H. pluvialis using the the Unilayer Horizontal Tubulat (UHT) a) and the Flat Panel Airlift (FPA)
with French energy mix b). (Climate change (CC), Terrestrial acidification (TA), Ionising radiation (IR), Human toxicity (HT), Water depletion (WD), Terrestrial
ecotoxicity (TET), Ozone depletion (OD), Freshwater eutrophication (FE), Freshwater ecotoxicity (FET), Metal depletion (MD), Fossil depletion (FD), Agricultural
land occupation (ALO)).
independent from this variable, the same analysis was performed taking
into account a cultivation period of 225 days and the results were
practically the same (see Supplementary Material).
The main hotspots are energy consumption for the process, CO2
production, and material production. The energy consumption of the
process includes the electricity for mixing the culture (5.6E+4 kWh/
year, highest contribution) and the nutrients, the filtration of the nu-
trients, and the downstream process. Regarding the electricity demand
for mixing, a recent study [53] analysed the impact of several mixing
regimes with lower energy inputs on the well-mixed condition. The
authors demonstrated that differences in the mixing energy concepts do
not have a significant impact on the particles' motion. Therefore, it is
possible to decrease the energy consumption for mixing (by choosing a
pump with lower energy consumption) without affecting the mixing
condition.
The CO2 is supplied due to the pressure difference between the
cylinder and the reactor. Therefore, the EI associated with the pro-
duction of liquid CO2 was considered. Moreover, in this case pure CO2
is used instead of air enriched with CO2. The energy consumed for
mixing the culture is the main contribution for almost all impact ca-
tegories. For MD and Urban Land Occupation (ULO) the main con-
tribution is due to the market of steel for manifold production, and to
the market of the glass tube for the PBR production.
Fig. 7b shows that Climate Change (CC) of the FPA can be reduced
by 2/3 from 265 to 84 kg CO2 eq./kg algae biomass when the French
energy mix is used due to the higher share of nuclear power, even
though the IR increases three times (from 47 to 190 kg of U235 eq/kg
algae biomass). LED production is the main hotspot when the French
energy mix is used, affecting the environmental categories CC, MD, FET
and HT due to the material used for LED production, including tin and
molybdenum (Fig. 7). Other hotspots are lighting and energy for the
process (energy consumption of pumps, blower, etc.) that affect IR and
OD due to the emissions related to the use of the nuclear plant as an
energy source. WD is high due to the water turbined in the hydropower
plant (higher share in France). It is important to note that the three
systems are located in different European regions, and three different
energy mixes were taken from Ecoinvent 3.3. Table 10 shows the main
differences among the French, German and Portuguese energy mixes.
The electricity mix in Germany has changed since 2012, so it can be
expected that the LCA results would be different if the current elec-
tricity mix was considered. However, modeling the current mix would
have gone beyond the scope of this work. Fig. 8 shows that the potential
environmental impact of the FPA located in Germany is higher than the
one in France.
The same happens if we compare it with the GWP. Only two cate-
gories are different. The IR is different due to the emissions related to
nuclear power, which is the main source of energy. The MD has a value
of 16 kg Fe eq for the FPA, and 20 kg Fe eq for the GWP. This is due to
the material used for LED production (mainly tin) and does not change
with energy mix. The different value is related to the configuration of
the two plants. In fact, the green phase of the GWP has a higher value of
LED per kg of biomass produced than the FPA due to its higher pro-
ductivity. For this reason, when the French energy mix is considered,
the potential environmental impact of the GWP is slightly higher than
for the FPA. For all the impact categories it is clear that the UHT is
characterized by the lowest EI. This effect is caused by the use of nat-
ural light rather than the construction of the PBR technology itself.
3.2. Life cycle assessment (LCA) for the astaxanthin production
The potential environmental impact of the production of 1 kg of
Table 10








Fossil fuel 59.5 9.1 89.2
Nuclear 23.8 76.4 –
Renewable 15.2 13.9 4.5
Waste 1.5 0.6 0.3
Fig. 8. Relative environmental profile of the three photobioreactor systems(Flat Panel Airlift (FPA), Green Wall panel (GWP) and Unilayer Horizontal Tubular
(UHT)).
Fig. 9. Variation of the Climate Change with the astaxanthin % and CH4 yield
(identified with the four scenarios SC1, SC2, SC3, SC4) for the three systems
(Flat Panel Airlift (FPA), Green Wall panel (GWP) and Unilayer Horizontal
Tubular (UHT)), using the French (FR), German (DE), Portuguese (PT) energy
mix.
astaxanthin was also evaluated. The analysis was performed for the
three PBR systems.
3.2.1. System expansion with anaerobic digestion (AD)
Since the amount of astaxanthin contained in H. pluvialis is low, the
environmental impact related to the production of pure astaxanthin is
high, even after crediting a system (400–4000 kg CO2 eq./kg of astax-
anthin produced). Taking into account that the electricity was selected
as avoided product and affects mainly the CC, results regarding this
impact category are displayed in Fig. 9. The graph shows the variation
of CC for the scenarios described in Table 7. The best results can be
achieved with the highest astaxanthin content. Indeed, if the LCH4/gVS
is constant (SC1-SC3 and SC2-SC4), an increase in astaxanthin content
results in a reduction in EI. If the astaxanthin content is constant (SC1-
SC2 and SC3-SC4), the results do not change. Therefore, the best results
could be achieved if the astaxanthin content increases. In particular,
since in the UHT configuration no artificial light is used, it shows the
best results for all the scenarios.
3.2.2. System expansion with feed production
The LCA system expansion approach was also performed con-
sidering the application of the residual algae biomass after astaxanthin
extraction for feed production. The results of the LCA show that with
the integration of the substituted soybean production, there is a nega-
tive impact on two impact categories: terrestrial ecotoxicity (TET) and
natural land transformation (NLT). A comparison between the LCA
results for the production of 1 kg of astaxanthin in the case of feed
production (with 2.12/2.6/4.8 and 10% of astaxanthin content), and
SC1 and SC4 has been performed. The best results (Table 11) for these
categories are obtained when the biomass contains 10% of astaxanthin
for the three systems and for both system expansion methodologies.
Therefore, the higher the astaxanthin content, the lower the potential
environmental impacts.
Some categories even show a negative impact due to the avoided
soybean production. In particular, NLT is negative because there is a
negative flow related to the transformation of forests. The TET shows a
negative impact due to avoided emissions related to the production of
soybeans (e.g. cypermethrin).
4. Conclusion
Life cycle assessment (LCA) is a powerful tool to identify and ana-
lyse the hotspots of a production process, and provides valuable insights
and recommendations for engineers during process design, and also
decision-makers in industry, politics and sciences. The comparative LCA
is mainly based on original data from pilot plants, which were checked
and validated by engineers. Electricity production has been identified
as the overall hotspot for the three different photobioreactor technol-
ogies (FPA, GWP and UHT) located in different climatic regions
(Stuttgart, Germany; Lisbon, Portugal, and Montpellier, France) under
different conditions (inside with double-sided lighting (FPA), outside
with one-sided lighting (GWP), and outside without lighting (UHT-
PBR)). The diode production process was another main hotspot for the
GWP and the second environmental burden for the FPA.
The present study gives the potential to analyse how the location
and the means to produce electricity affect the potential environmental
impacts. As an example, it was shown that in the FPA, climate change
impact decreases by 2/3 when the energy mix changes away from coal
and oil to nuclear power, since this is CO2-neutral technology to pro-
duce electricity. If electricity was produced from renewable resources,
the environmental impact would decrease even further, including in
other environmental impact categories. Moreover, since two functional
units were selected, this paper gives the potential to analyse how much
the potential EI increases when astaxanthin is considered. Indeed, even
crediting the system, the environmental burdens are allocated to as-
taxanthin, which constitutes a small amount of the biomass. This is the
reason why productivity is an important parameter in the algae sector,
and the production of added value compounds seems to be the only
sector where the microalgae can be used with a high return of invest-
ment. Moreover, using the system expansion methodology it was pos-
sible to highlight how useful it could be from the environmental point
of view to produce animal feed from the residual biomass. This will
affect positively the soybean production sector, with a negative con-
tribution to several impact categories.
Despite some differences between the three process stages, for the
first time in this paper, three different photobioreactor systems are
compared at large pilot scale. The results show that more research and
development is needed in order to design and operate a technology that
is more environmentally friendly than the existing ones. Just waiting
for a successful energy transition to supply renewable energy is not a
solution for sustainable algae processes and product development.
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Table 11
Comparison of the two LCA system expansion methodologies: residual biomass use for biogas (for the different scenarios SC1, SC2, SC3, SC4) or feed production, for
the three systems (Flat Panel Airlift (FPA), Green Wall panel (GWP) and Unilayer Horizontal Tubular (UHT)) using the French (FR) and German (DE), energy mix.
((Terrestrial ecotoxicity (TET), Natural land transformation (NLT), Fossil depletion (FD), Agricultural land occupation (ALO), Climate change (CC)).
TET(kg 1,4-DB eq) NLT (m2) FD (kg oil eq) ALO (m2*a) CC (kg CO2 eq)
SC1, GWP 0.27 0.60 1188.40 307.15 4017
SC4, GWP 0.07 0.16 366.15 81.75 1108
Feed production, 2.6% GWP −2.29 −0.34 1051.44 181.73 3648
Feed production, 10%, GWP −0.55 −0.07 342.60 52.70 1035
SC1, UHT 0.06 0.18 358.82 213.48 1131.64
SC4, UHT 0.06 0.18 350.82 206.21 1101.40
Feed production, 2.12% UHT −3.12 −0.97 354.97 80.90 938.39
Feed production, 10%, UHT −0.60 −0.17 173.32 41.95 377.69
SC1, FPA 0.32 0.46 1487.51 517.93 6119
SC1, FPA FR mix 0.12 0.27 448.62 134.24 1865
SC4, FPA FR mix 0.06 0.13 213.66 63.82 888
Feed production, 4.8%, FPA DE mix −1.05 −0.04 1485.89 460.90 6036
Feed production, 4.8%, FPA FR mix −1.25 −0.23 446.99 77.21 1783
Feed production, 10%, FPA DE mix −0.47 −0.01 714.08 222.99 2902
Feed production, 10%, FPA FR mix −0.56 −0.10 214.73 38.57 857
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